Air pollution caused by the diesel engines has shown much interest in the domain of ecofriendly diesel fuels since enhanced environmental and human health are of concern. In order to obtain the efficient energy development with less polluted environment with existing diesel engines, continuous efforts have gone into research and development of water-in-diesel (W/D) emulsion fuels, which have the potential to reduce nitric oxides (NO x ) and particulate matter (PM) emissions simultaneously with improved performance level. The current discussion addresses the principle of W/D emulsion fuel, emulsion fuel stability, physico-chemical properties and effect of W/D emulsion fuel on combustion, performance and emission characteristics. In addition, role of nano-additives in W/D emulsion fuel, nano-fuel synthesis and its influence on engine performance and emission characteristics are also discussed. The survey of earlier reports led to the decision that the optimization of engine parameters, nano-particle size confirmation in nano-fuel and its handling from engine exhaust are the details to be studied in the domain of W/D emulsion fuel engine. Ó 2016 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). * Corresponding
Introduction
Diesel engines are dominating in power generation and transportation sectors due their better efficiency and durability over gasoline engines. However, diesel engines are noted as major emission contributor to the environment, which is dangerous to human health. Hence, stringent regulations are to be followed to control the emission levels from diesel engines.
Low engine pollution has been promoted by adopting preformation and/or post formation emission control techniques such as the introduction of biodiesel, particulate filters, catalytic converters and W/D emulsion fuel. Out of these, W/D emulsion has been found to be the most economical solution that can be introduced in diesel engine without engine modification. Efficient combustion and better fuel economy are the added advantages of W/D emulsion fuel [1] . A decrease in temperature of the combustion products leads to a drop in NO x formation in diesel engines due to an endothermic reaction of water particles in W/D emulsion fuel during combustion. The presence of water also reduces the rate of formation of soot particles and enhances their burnout characteristics by increasing the concentration of oxidation species [2] .
The use of W/D emulsion fuel in existing diesel engines is the active field of research for the past two decades. The incorporation of nano-particles in W/D emulsion fuel enhanced the combustion and emission characteristics. However, the complexity of analysing the combustion behaviour associated with micro-explosion, physical path of emulsion and soot formation leads to inconsistent reports in terms of SFC, BTE, CO and HC emissions. In addition, engine operating variables and ambient conditions also affect atomization and general combustion process and restrict drawing a general conclusion with W/D emulsion fuel. As a consequence, further research is needed to examine the combustion characteristics of W/D emulsion fuel under fluctuating conditions. This study addresses the basics and current status of W/D emulsion fuel, and enlightens the future intervention in the domain of W/D emulsion fuel.
Principle of water-in-diesel emulsion
Introduction of water in the diesel engine combustion zone was initially proposed by Prof. B. Hopkinson to improve the thermal efficiency, reduce the exhaust emissions and make better inter cooling of the gas engines [3] . There are generally three major approaches followed to introduce water in diesel engine: (i) direct injection into the combustion chamber through a normal injector [4] , (ii) fumigating the water into the engine intake air [5] and (iii) in the form of emulsion [6] . The experimental investigation of all the above methods confirmed the advantages of water in diesel fuel and indicated the simultaneous reduction of NOx and PM emissions. Out of the above methods, diesel-water emulsion fuels appear to be the most appropriate since the desired emission characteristics can be obtained without engine retrofitting [7] . Besides, the micro-explosion of water particles during the combustion process helps to improve atomization and mixing of air-fuel mixture [8] .
An emulsion consists of two incomplete immiscible liquids, with one of the liquid dispersed as small spherical droplets in the other [9] . The emulsion is generated by means of a highenergy emulsification method in the presence of surfaceactive agents (or) surfactants. These high-energy methods include mechanical agitation, high-pressure homogenizers, ultrasonic and supersonic vibrations [10] . As far as the smoke and NOx emissions are concerned, ultrasonic and supersonic vibrations have negative impact compared to emulsions prepared by mechanical homogenization [11] .
Role of surfactants
In general, emulsion fuels are thermodynamically unstable systems. Over a period, emulsion fuels are slowly separated into two immiscible phases. The most common processes of an emulsion fuel destabilization are droplet-droplet coalescence, flocculation and creaming [12] . To form a kinetically stable emulsion fuel, the surfactants are used to lower the surface tension between water and diesel molecules.
The surfactants contain a polar (or) hydrophilic head and a non-polar (or) hydrophilic tail that is incorporated to weaken the surface tension of the medium in which it is dissolved. In water-diesel emulsion, the polar group orients toward the water and the nonpolar group orients toward the diesel and lowers the interfacial tension between diesel and water phases [13] . The key factors to form a stable emulsion with nominal droplets are appropriate hydrophilic-lipophilic balance (HLB) value and molecular structure of the surfactant. Low HLB has a tendency to make stable water-in-oil emulsion whereas high HLB has a tendency to make stable oil-inwater emulsion [14] .
The quantity of surfactant in the emulsion varies from 0.5% to 2% of the total volume. As the percentage increases further, the stability of the emulsion will decrease due to rapid coalescence. The common surfactants used in the water-indiesel emulsion are sorbitan monooleate, sorbitan monooleate and polyethylene glycol sorbitan monooleate mixture, polyethylene glycol sorbitan monooleate and sorbitol sesquioleate mixture, sorbitan monolaurate, gemini, polyoxyethylene nonylphenyl ether, solgen 40 and noigen TDS-30, and detergent/ liquid soap. Based on the polar group the surfactants are classified as cationic, anionic, amphoteric and non-ionic. Out of these, non-ionic surfactants have the desired characteristics of sting with no shoot and free of sulphur and nitrogen [15] . Enhanced lubrication, inhibition of corrosion and protection against freezing are the added advantages of non-ionic surfactants in diesel-water emulsion [16] .
Different phases of emulsion fuel
Diesel-water emulsions are classified based on the relative spatial distribution of diesel and aqueous phases. In general, there are two types of emulsification techniques, namely, two-phase and three-phase emulsion. The formation of three-phase emulsion is in need of two-stages of emulsification process with different surfactant and a result of increases in process cost. In addition, the stability period of three-phase and variation in physico-chemical properties are not clear in the previous literatures. A further study on the physico-chemical properties variation, combustion and emission behaviors is recommended with three-phase emulsion.
The two-phase emulsion comprises one continuous phase and one dispersed phase while the three-phase comprises one continuous phase and two are dispersed phases [17] . There are generally two distinct forms of two-phase emulsion: (i) water-in-oil (W/O) and (ii) oil-in-water (O/W). An emulsion that consists of water droplets dispersed in an oil phase is The role of water-in-diesel emulsion and its additives known as W/O emulsion, and the emulsion that consists of oil droplets dispersed in an aqueous phase is known as O/W emulsion. The schematic representation of W/O and O/W emulsions is shown in Fig. 1 .
Large fragmentation, less change in viscosity and microexplosion phenomena of the water droplet are appreciated characteristics of water-in-diesel emulsion over dieselin-water. In addition, in O/W emulsion, more quantity of water comes into direct contact with the combustion system, which will result in rough engine operation and incomplete combustion [18, 19] .
Multiple emulsions comprise three phases such that the inner and outer phases are separated by a dispersed phase. The schematic representation of oil-in-water-in-oil (O/W/O) and water-in-oil-in-water (W/O/W) emulsions is shown in Fig. 2 . O/W/O emulsions are recommended for fuel preparation and W/O/W emulsions are recommended for pharmaceutical applications [20, 21] .
Three-phase emulsions are prepared by the following methods: (i) phase inversion, (ii) mechanical agitation and (iii) twostage emulsion. Out of these, two-stage emulsification technique has been widely used for O/W/O emulsion preparation and reported by many studies [22, 23] . In two-stage emulsion technique, first two-phase O/W emulsion is prepared using a hydrophilic surfactant and then lipophilic surfactant is used to form three-phase emulsion.
On a study of combustion and emission characteristics of three-phase emulsion in marine engine at a compression ratio of 17, Lin and Chen [11] have reported that the three-phase emulsion has low BSFC, CO and NOx and higher exhaust temperature over two-phase emulsion and base diesel (BD) at all loading conditions. The same authors also concluded that the complexity of analysing the micro-explosion behavior of O/W/O emulsion and its high process cost are the undesirable characteristics of three-phase emulsion over two-phase emulsion. In addition, the water droplets are suspended in the fuel in diesel-water emulsion and water does not come into direct contact with engine surface. Hence, two-phase emulsions are noted to be more suitable for further studies.
Properties of water-in-diesel emulsion fuel
The stability period of emulsion fuel and its physico-chemical properties are the crucial factors in order to ensure that the diesel engine can run with emulsion fuel without any retrofitting. If the emulsion is destabilized during the engine running condition, it will damage the combustion system and its functioning will fail. Besides, the variation in the physico-chemical properties of emulsion fuel should be within limits so as to lessen modifications in the injection and combustion systems.
Emulsion fuel stability
The stability of the emulsion fuel depends on emulsification technique, process duration, concentration of water, stirrer speed and surfactant concentration. Chen and Tao [24] reported that an increase in process duration, stirrer speed and diesel to water ratio, increases the emulsion stability. On the other hand, an increase in process temperature reduces the emulsion stability. Watanabe et al. [25] reported that the selection of appropriate surfactant, suitable agitation frequency, and process duration has equal importance to form stable emulsion. Ghannam and selim [26] also indicated that increase in surfactant concentration, stirrer speed and process time is required for higher water concentration in diesel.
Lin and Wang [27] measured the emulsion stability based on layer separation in graduated scale test tube under static conditions. Basha and Anand [28] also followed the same procedure to measure the emulsion stability in their studies. Not much work has been recorded to measure the stability of emulsion. Hence, it is necessary to develop accurate stability measurement system since the emulsion stability has direct influence on fuel ignition system.
Physico-chemical properties of W/D emulsion
Shorter ignition delay, high cetane number, suitable volatility in the operating range of temperatures, limited smoke and odor, free from corrosion and wear are the required characteristics of fuels used in CI engine. These characteristics mainly depend on physico-chemical properties such as density, viscosity, elasticity and compressibility. Siegmund et al. [29] and Park et al. [30] reported that increase in water concentration raises the density and viscosity of the emulsion fuel due to high density of water over BD [29] . Increase in bulk modulus of elasticity and compressibility with increase in water concentration has been recorded by Armas et al. [30] . Khan et al. [31] pointed out that the flash point is increased and the heating value is reduced with increase in water concentration. The variation in physico-chemical properties suggests further studies to obtain optimal water concentration with diesel.
Impact of water-in-diesel emulsion on combustion process
Micro-explosion phenomena of water-in-diesel emulsion and its influencing parameters have a huge impact on CI engine combustion process. The detailed study on the basics of micro-explosion and its influencing factors are discussed as follows.
Fundamentals of micro-explosion phenomena
The micro-explosion phenomena in W/D emulsion fuel were first reported by Ivanov and Nevedov [32] . They reported that the suspended water particles in emulsion fuel reached their superheated stage faster than the diesel and created vapor expansion breakup (spontaneous explosion) during the combustion, forming very fine particles. More surface area of the fine particles with intake air leads to an improvement in the air and fuel mixing and increases the combustion efficiency. The secondary atomization of fuel droplet and enhanced air-fuel mixing is illustrated in Fig. 3 . Sheng et al. [3] also supported the micro-explosion behavior of emulsion fuel by their observation in flame characteristics and flame angle study.
Several studies have been carried out to research the microexplosion behavior of emulsion fuels. Mura et al. [34] and Tanaka et al. [35] adopted a hot plate method to observe the occurrence of micro-explosion using a high-speed camera. Abu-Zaid [4] used different hot plates (stainless steel and aluminum) to estimate the evaporation time of droplets. Watanabe et al. [33] used the fine wire technique (ceramic fibre wire) to study the breakup characteristics of the secondary atomization. Mie scatter imaging system with high-speed camera was developed by Mizutani et al. [36] to observe the microexplosion occurrence in the spray flame. On the other hand, Fu et al. [37] developed numerical models of micro-explosion and validated the data against the experimental values.
Factors influencing the micro-explosion behavior
The percentage of water concentration in the emulsion, size of dispersed water particle, droplet size, ambient pressure and temperature are the key factors that directly affect the strength of micro-explosion. Jeong and Lee [38] observed that the increase in water concentration in emulsion increases the intensity of micro-explosion and results in prolonged duration of explosion. They also reported that the strength of microexplosion is enhanced with increase in water concentration. However, too much increase in water concentration in emulsion led to premature failure of injection system as reported by Sheng et al. [3] . Fu et al. [37] reported that the optimum level of water concentration in emulsion resulted in better explosion and shorter burnout time.
Marrone et al. [39] reported that increase in water particle size of emulsion increases the ability of emulsified water to disperse in the oil droplet. Fu et al. [37] observed the low strength of micro-explosion and weak expansion, with relatively small size of emulsified water particle. Concurrently, the larger size of emulsified particles also weakens the strength of micro-explosion due to much amount of water accumulated during the combustion. Fu et al. [37] and Mura et al. [40] reported that the dispersed water particles of size between 4.5 and 4.7 lm exhibit crucial explosion.
The small size of emulsion droplet at the entry of combustion process weakens the strength of micro-explosion due to the low residual mass of water. The increase in droplet size enhances the intensity of micro-explosion and results in earlier occurrence of explosion. Fu et al. [37] concluded that the minimum droplet size should be twice the size of the dispersed water droplet or more.
Sheng et al. [3] observed that the increase in ambient pressure weakens the strength of micro-explosion due to the shorter penetration of the droplet at higher gas density. They also reported that vigorous explosion occurs at an ambient temperature of 773 K. At higher temperatures a weaker explosion is observed by the same authors due to partial attainment of super heated state of water droplets. However, Tanaka et al. [35] and Fu et al. [37] stated that the increase in ambient pressure and temperature increases the intensity of microexplosion.
Similar to micro-explosion phenomena, ignition delay is another crucial factor in emulsion that can influence the combustion process. The water concentration in emulsion, fuel injection pressure and ambient temperature predominantly affect the ignition delay. Ghojel and Honnery [41] and Armas et al. [30] reported the increase in ignition delay with emulsion The role of water-in-diesel emulsion and its additives fuel due to lower flame temperature. Subramanian [42] also recorded similar trends in ignition delay. Ghojel and Tran [15] observed that the ambient temperature significantly affected the ignition delay. Hence, it is important to control the changes in ignition delay period with W/D emulsion fuel in order to keep smooth engine operations with desired combustion characteristics.
Impact of water-in-diesel emulsion on engine performance
The performance characteristics play a vital role on fuel modification techniques. The improvement in performance level leads to economic feasibility to replace the existing diesel fuel. Several researches have been conducted to study the impact of emulsion fuel with various concentration of water (5-40%) on engine performance in terms of brake power (BP), torque, brake specific fuel consumption (BSFC) and thermal efficiency under different conditions. The observations are summarized as follows.
Brake power and torque
Abu-Zaid [4] and Alahmer et al. [43] reported the increase in torque and engine power with increase in water concentration of emulsions. They also reported that additional force acts on top of the piston due to the pressure exerted by the steam and results in more engine power and torque. Concurrently, many researchers concluded that there is a slight drop in power and torque with emulsion fuel due to their lower heating value [44, 45] . They also reported that the longer ignition delay and the maximum pressure rise with emulsion fuel increase the compression work and reduce the network output of the cycle. However, the variations in engine power and torque are relatively low and can be tolerated compared to significant emission reduction.
Brake specific fuel consumption
Abu-Zaid [4] and Tsukahara et al. [46] report a drop in BSFC with increase in water concentration due to the following reasons: (i) intensity of micro-explosion behavior, (ii) improved air-entraining in the spray, (iii) higher premixed combustion, (iv) lower combustion temperature and (v) more product of combustion gas due to presence of water in the emulsion. Experimental results of Suresh and Amirthagadeswaran [1] also supported the improvement of BSFC in emulsion fuel.
On the other hand, the increase in BSFC with increase in water concentration has been recorded by many studies. Ghojel et al. [7] observed significant increase (22-26%) in BSFC with 13% of water concentration in diesel. Experimental records of Armas [30] , Alahmer et al. [43] and Barnes et al. [47] supported the report of Ghojel. They concluded that the increase in BSFC is due to increase in the amount of water.
Brake thermal efficiency
Most of the studies reported that the BTE is increased with increase in water concentration. Basha and Anand [28] noted 3.5% increase in BTE with 20% water in emulsion fuel. Alahmer et al. [43] , and Wang and Chen [48] also reported improvement in BTE. They concluded that the improvement in BTE is due to longer ignition delay and micro-explosion phenomena of emulsion fuel. Further, they indicated that the increase in ignition delay leads to accumulating more amount of fuel, resulting in a higher heat release rate, higher fuel burning in the pre-mixed stage and better BTE. Increase in flame propagation speed and flame-lift-off length with emulsion fuel, promotes better mixing of air-fuel mixture and results in complete combustion and improved BTE.
Impact of water-in-diesel emulsion on exhaust emission
Introduction of water in diesel engine combustion chamber in the form of emulsion fuel has direct influence on the pollution formation and the observations are detailed as follows.
Nitrogen oxide
High latent heat absorption of water particle during the combustion will lower the local high temperature resulting in the reduction of NOx. All the studies reported that the formation of NOx is significantly reduced with W/D emulsion fuel. Suresh and Amirthagadeswaran [49] recorded 35% reduction in NOx in their studies, whereas Attia and Kulchitskiy [50] and Park et al. [51] recorded 25% and 20% reduction in NOx respectively in their studies. Farfaletti et al. [52] reported that the heat sink effect of emulsion fuel reduced the combustion temperature and resulted in low level of NO x formation. Increase in hydroxyl (OH) concentration due to the presence of water in emulsion fuel leads to NO x reduction. Numerical study of Samec et al. [53] reported a reduction of 20% NO x emission with 10% water content in the emulsion. The reduction of NO x when using W/D emulsion fuel is due to lower peak flame temperature during the combustion.
Soot and particulate matter
Lesser formation of soot and PM indicates more efficient combustion. Majority of the studies reported that soot and PM are reduced with increase in water concentration. Ochoterena et al. [54] reported reduction in soot emission by 81% with W/D emulsion fuel. Fu et al. [37] and Nazha and Crookes [55] observed the reduction in soot and PM due to the better mixing and enhanced atomization caused by micro-explosion behavior of emulsion fuel. Based on the production behavior of light hydrocarbons (LHCs) and polycyclic aromatic hydrocarbons (PAHs), PM reduction tendency in emulsion fuel is recorded. Noge et al. [56] reported that the sulphur content in the emulsion fuel has a major influence on the formation of PM emission. Lower flame temperature, rapid evaporation of water, decrease of pyrolysis reaction and enhanced oxidation are the other causes to form low level of soot and PM in emulsion fuel.
Carbon monoxide and un-burnt hydrocarbon
Incomplete combustion, lack of homogeneity and slow burning of soot are the main causes to form CO and un-burnt HC in diesel engine. Many of the studies reported the increase in CO and HC emission with W/D emulsion fuel [42, 57] due to the lower combustion temperature that is not sufficient in emulsion fuel combustion to convert the CO into CO 2 . Koc and Abdullah [58] observed that the increase in CO and HC in emulsion fuel is due to the high amount of OH contribution resulting in better oxidation of carbon to CO. Increases in ignition delay and low flame temperature of emulsion fuel also contribute to form higher level of CO and HC emission in diesel engine. However, Attia and Kulchitskiy [50] observed that the reduction of these emissions due to micro-explosion phenomena can lead to complete combustion.
The reports revealed that there is an inconsistency in the domain of W/D emulsion fuel in terms of specific fuel consumption (SFC), brake power (BP), hydrocarbon (HC) and carbon monoxide (CO) emissions due to the complexity in combustion analysis. However, in terms of NO x and PM emission levels, all the studies agreed on the improvement in their levels. Hence, it is necessary to develop accurate numerical model to analyse the combustion and emission behaviour of diesel engine running with W/D emulsion fuel
Role of additives for diesel and emulsion fuel
In order to improve the lubricity, stability and combustion efficiency, additives are incorporated with diesel, biodiesel and alternate fuels. These additives can be classified into preflame additives, flame additives, and post-flame additives based on their application. Pre-flame additives are used to overcome the drawbacks such as prior burning and higher pour point in biodiesel and alternate fuels. Flame additives are designed to improve the combustion efficiency, whereas, post-flame additives are used to reduce carbon deposits in the engine, smoke, and emissions [59] .
Metal-based nano-additives have received much attention in eco-friendly fuel and W/D emulsion fuel. Metal-based additives effectively reduce the emission levels in diesel engines. The metal particles either react with water and enhance soot oxidation, or directly react with carbon atoms in the soot and lower the oxidation temperature [60] .
Nanofuels synthesis
Several novel methods are adopted by the researchers to form nanofluids. Out of these, one-step method and two-step method are widely used in nanofluids preparation.
One-step method
To reduce the particle agglomeration in nanofluids, Eastman et al. [61] developed a one-step physical vapor condensation method to prepare copper incorporated ethylene glycol nanofluids. This process consists of simultaneously making and dispersing the nanoparticles in the base fluid. The onestep process uniformly disperses the nanoparticles and increases the stability. Bonnemann et al. [62] and Singh et al. [63] also adopted one-step method to prepare mineral-oil based nanofluids and ethanol-based nanofluids, which recorded maximum stability.
Two-step method
Two-step method is widely used for nanofuels preparation. The required nanoparticles, nanofibres, or nanotubes are first synthesized as dry powders. This dry powder is dispersed into a base fluid in the second processing step with the help of agitation. Due to high surface area and surface activity, nanoparticles have the tendency to aggregate. To enhance the stability of nanoparticles in base fluid, surfactants are used with nanofluids. Chen et al. [64] reported that the surfactant addition with nanofluids is an effective way to enhance the dispersibility of nanoparticles.
Nanofuel properties
Nanoscale particles have maximum stability in nanofuels than microscale particles due to their small diameter and specific surface area and can be suspended for weeks under certain conditions. In nanofuels, nanoparticles are dispersed at low concentrations in terms of ppm. Nanofuels show higher thermal conductivity than the fuel without nanoparticles. Choi et al. [65] recorded 10% conductivity enhancement with low CNT particle concentrations, whereas, 150% enhancement is noted with 1% in total volume. An enhancement in thermal conductivity of nanofuels has also been shown to enhance mass diffusivity, radioactive heat transfer and ion transfer [66] . The other physico-chemical properties of fuel are not greatly affected with nanoparticles inclusion, since concentration and diameter of particles in nanofuels are too small. The other important characteristic of nano-size materials is their improved specific surface area, which leads to increase in reactivity [67] . In addition, higher magnetic behavior, higher plasticity, lower sintering temperature and higher densities are added advantages of nano-size particles over macro-sized ones. The excess energy of surface atoms is the predominant characteristic of nanoparticles [68] . Table 1 shows the properties of oxides and their nanofluids [69] .
Deluca et al. [70] observed the enhancement in surface-areato-volume ratio with nano-fuels which results in more amount of fuel reacting with oxidizer. Kao et al. [71] reported that the additives in the form of metal oxide in the W/D emulsion, act as catalysts to activate the molecular bonding of the mixture. This can improve the chemical reaction and result in better performance and reduced emission levels in W/D emulsion fuel. Luisa and Duncan [72] stated that the reduced size of the catalyst increased the active surface area, which resulted in improved reaction efficiency. 
Nanofuel in combustion
Tyagi et al. [73] recorded the enhancement in mass transfer properties, ignition temperature, and ignition delay period with nano-fuels using hot-plate ignition probability test. The high reactivity of nano-fuels due to high specific area and high potential of nano-size metallic powder to store energy can reduce the ignition delay and the soot emission in diesel engines [74] . Basha and Anand [75, 76] conducted the experiments with different nanoparticles (CNT, Alumina) mixed emulsion fuel and observed significant improvement in combustion, performance and emission characteristics. Selvan et al. [77] and Sajith et al. [78] conducted experiments with Cerium oxide nanoparticles as additive in biodiesel and noted marginal improvement in engine efficiency and notable reduction in ignition delay, heat release rate, and emission levels. Marquis and Chibante [79] also carried out the experiments with CNT nanoparticles and recorded enhancement in surfacearea-to-volume ratio. The overall observations indicate improvement in combustion performance with nanoparticles incorporated diesel and W/D emulsion fuels.
However, no work has been focused in terms of insolubility and uniform dispersion of nanoparticles in the emulsion fuel. In addition, the effects of nanoparticle distribution to atmosphere through engine exhaust have to be studied, which are essential to improve environmental and human health.
Conclusions and future recommendations
The basic principle behind the W/D emulsion fuel, and its effects on engine combustion, performance and emission characteristics are critically reviewed and its recent advances also presented. From the discussions, the following conclusion can be derived:
Increase in water concentration of emulsion fuel, increases the thermal efficiency of the engine due to the microexplosion phenomena. Significant improvement in BSFC, BP and torque is observed with W/D emulsion fuel in majority of the studies. However, much studies have not been conducted with W/D emulsion fuel. As the fuels are intended to be practically usable by replacing the existing fuels, improvement in stability period assumes importance. NO x emission is reduced by 45% with W/D emulsion fuels, whereas, 80-90% reduction is recorded in PM emission. In terms of HC and CO emissions, inconsistent improvements are reported due to the complexity of analysing the combustion behaviour associated with micro-explosion, physical path of emulsion, and soot formation. This indicates the need for possible closer study of the process. Incorporation of nano-particles with W/D emulsion fuel provides better combustion, performance and emission characteristics with shorter ignition delay period and complete combustion.
Based on the above conclusions, the following suggestions are derived for future intervention in the domain of W/D emulsion fuel: W/D emulsification process parameters (surfactant concentration, water concentration, stirrer speed) may be optimized to obtain better physico-chemical properties with maximum stability. A systematic approach is to be developed to measure the accurate variation in emulsion stability. Numerical models have to be developed to justify the enhancement in engine performance and emission characteristics with W/D emulsion fuel. The size of nanoparticles incorporated and their dispersion characteristics over emulsion surface are to be confirmed through suitable measurements. To detain the nanoparticles of engine exhaust entering into atmosphere, an exhaust gas after-treatment system may be integrated. In order to obtain efficient energy development with less pollution to the environment, engine operating parameters such as, fuel injection angle, injection timing and water concentration in emulsion fuel may be optimized using modern optimization tools.
